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Abstract. Aerosol, cloud, water vapor, and temperature pro-tion between cloud drop number and aerosol concentration,
file data from the Moderate Resolution Imaging Spectrora-assumed in a majority of global climate models, is inaccu-
diometer (MODIS) are utilized to examine the impact of rate since these models do not include treatment of aerosol
aerosols on clouds during the Amazonian biomass burningbsorption in and around clouds. The relationship between
season in Rortthia, Brazil. It is found that increasing back- aerosols and both CWV and clouds over varying land surface
ground column water vapor (CWV) throughout this transi- types is also analyzed. The study finds that the difference in
tion season between the Amazon dry and wet seasons likelZWV between forested and deforested land is not correlated
exerts a strong effect on cloud properties. As a result, propewith aerosol loading, supporting the assumption that tempo-
analysis of aerosol-cloud relationships requires that data beal variation of CWV is primarily a function of the larger-
stratified by CWV to account better for the influence of back- scale meteorology. However, a difference in the response
ground meteorological variation. Many previous studies ofof CF to increasing AOD is observed between forested and
aerosol-cloud interactions over Amazonia have ignored thaleforested land. This suggests that dissimilarities between
systematic changes to meteorological factors during the tranether meteorological factors, such as atmospheric stability,
sition season, leading to possible misinterpretation of theimay have an impact on aerosol-cloud correlations between
results. Cloud fraction (CF) is shown to increase or remaindifferent land cover types.

constant with aerosol optical depth (AOD), depending on the
value of CWV, whereas the relationship between cloud opti-
cal depth (COD) and AOD is quite different. COD increases )
with AOD until AOD ~ 0.3, which is assumed to be due to 1 Introduction

the first indirect (microphysical) effect. At higher values of . ,

AOD, COD is found to decrease with increasing AOD, which 1he €ffect of aerosol particles on the hydrological cycle re-
may be due to: (1) the inhibition of cloud development by ab-Mains o,ne (_)f the largest un(_:ertamtles in the understanding
sorbing aerosols (radiative effect/semi-direct effect) and/or°f E&rth's climate system. Biomass burning, from both de-
(2) a possible retrieval artifact in which the measured re-forestation and annual agricultural burning, is the largest an-

flectance in the visible is less than expected from a cloudroPOgenic source of such particles in the Southern Hemi-
top either from the darkening of clouds through the additionSPhere. A variety of observational and modeling studies have

of carbonaceous biomass burning aerosols within or abov&Xamined the effect of aerosols on the regional hydromete-

clouds or subpixel dark surface contamination in the mea-2r0l0gy over the Amazon Basin during the biomass burn-

sured cloud reflectance. If (1) is a contributing mechanism, N9 season (Kaufman and Nakajima, 1993; Kaufman and

as we suspect, then an empirically-derived increasing funcFraser, 1997; Koren et al., 2004, 2008; Feingold et al., 2005;

Yu et al., 2007; Zhang et al., 2008, 2009; Martins et al.,
2009). Biomass burning aerosols have been shown to af-

Correspondence tal. E. Ten Hoeve fect clouds through both microphysical and radiative mech-
BY

(tenhoeve@stanford.edu) anisms (Kaufman et al., 2005a, 2008; Kaufman and Koren,

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

3022 J. E. Ten Hoeve et al.: Biomass burning aerosol effects on clouds

2006; Rosenfeld et al., 2008). Depending on the concentraereasing CF and cloud top height. The study also showed
tion of aerosol, its chemical composition, size distribution, that the relative contributions of the microphysical and ra-
vertical distribution relative to clouds, and the backgrounddiative effects are strongly tied to tlitial CF prior to the
cloud characteristics, biomass burning aerosols are suggestéufluence of aerosols — the radiative absorption effect begins
either to inhibit or invigorate cloud formation and/or growth to dominate at lower values of AOD for lower initial cloud
(Feingold et al., 2005; Koren et al., 2008). fractions. This is due to the hypothesized aerosol absorption
Carbonaceous biomass burning aerosols can absorb solatoud fraction feedback: stabilization of the near-surface at-
radiation, warming the aerosol layer and reducing the radiamosphere due to aerosol absorption of radiation initially re-
tion reaching the surface (Ackerman et al., 2000; Kaufman etluces cloudiness, which then exposes more of the aerosol
al., 2002; Koren et al., 2004). This effect cools the surface Jayer, further reducing cloudiness (Koren et al., 2008). This
increases the static stability of the lower troposphere, supreduction in cloudiness has also been described as a black
presses surface heat and moisture fluxes, and slows the hgarbon-low cloud positive feedback loop (Jacobson, 2002).
drological cycle (Jacobson, 2002; Ramanathan et al., 2005)or low cloud fractions, more of the aerosol layer is available
Evaporation of clouds within the aerosol layer may also oc-for absorption, resulting in a stronger feedback. For higher
cur due to the increase in temperature and decrease in relaloud fractions, microphysical invigoration will dominate for
tive humidity caused by aerosol absorption of solar radiationthe same degree of aerosol loading. An implication of this
(Yu et al., 2002; Jacobson, 2006). Referred to as absorptiofinding is that aerosol effects on either sparse or dense cloud
effects or the semi-direct effect, these radiative processes priields may have opposite effects on climate forcing.
marily suppress the formation and growth of clouds. For the majority of observational biomass burning studies
Microphysical effects, on the other hand, enhance cloudover the Amazon, the months of August, September, and Oc-
formation and growth. Biomass burning aerosols are hygrotober are typically selected due to the combination of high
scopic and can serve as cloud condensation nuclei (Feingolderosol loading from biomass burning and relatively consis-
etal., 2001; Andreae et al., 2002, 2004). Expansion chambetent dry conditions present during these months. High pres-
experiments have shown that the addition of cloud condensure typically remains over the region throughout the dry
sation nuclei will nucleate a larger number of smaller cloud season (Southern Hemisphere winter) into mid-to-late Oc-
droplets, and these droplets are therefore slower to coalesdeber, when the onset of the rainy season begins (Nobre et
to form precipitation (Gunn and Phillips, 1957; Squires et al., 1998). Small cumulus clouds often form at the top of the
al., 1958). These aerosol-processed clouds are also more ratmospheric boundary layer, which is constrained by a sub-
flective, exhibit changed drizzle properties, and have beersidence inversion. The majority of biomass burning smoke
suggested to have longer lifetimes (Twomey, 1977; Albrecht,exists at or below the cloud layer at an approximate altitude
1989). However, the apparent darkening of clouds by ab-of 3-km (Davidi et al., 2009), although occasionally smoke
sorptive biomass burning aerosols has also been observed Ipjumes are pumped to higher altitudes through deeper cu-
satellite (Kaufman and Nakajima, 1993; Wilcox et al., 2009). mulus convection. Higher cold clouds, decoupled from the
Recent studies have shown that these polluted clouds magmoke below, also occur at times. The timescale of cumu-
become invigorated with higher liquid or ice water paths andlus clouds in our region of interest is on the order of min-
lower cloud top pressures (Andreae et al., 2004; Khain et al.utes, yet these clouds are organized into cloud fields that have
2005; Koren et al., 2005; Lin et al., 2006; Koren et al., 2008; a much longer duration, influenced by surface properties as
Rosenfeld et al., 2008; Meskhidze et al., 2009). The delaywell as local mesoscale and larger circulations. Cloud fields
of raindrop formation in polluted clouds suppresses down-generally form by noon and dissipate overnight throughout
drafts, which allows for the generation of greater updraftsthe Amazon Basin (Koren et al., 2004; Negri et al., 2004).
and stronger convection. The updrafts carry water vapor toAerosol loading, conversely, may vary on longer weekly
higher altitudes, where additional energy from the latent heatime scales even if source fires vary diurnally (Giglio, 2007).
of freezing may be released, further invigorating convectionBiomass burning smoke can build over many diurnal cycles
(Williams et al., 2002; Andreae et al., 2004; Rosenfeld et al.,and thus become more homogenous both temporally and spa-
2008). Increases in aerosol optical depth (AOD) have alsdially than the individual clouds or cloud fields.
been linked to increases in cloud fraction (CF), particularly In some studies of aerosol-cloud interactions, variations of
at low AODs (Kaufman et al., 2005a; Koren et al., 2005; Lin cloud properties are assumed to be weakly dependent on me-
et al., 2006; Myhre et al., 2007). teorology due to the stationary high pressure systems present
More recent studies have illustrated that there may beduring the South American biomass burning season (Kauf-
a smooth transition between these competing microphysiman and Nakajima 1993; Koren et al., 2004, 2008). How-
cal and radiative effects (Koren et al., 2008; Rosenfeld etever, our study illustrates that gradually increasing back-
al., 2008). Using MODIS data over the Amazon, Koren et ground column water vapor (CWV) during the biomass burn-
al. (2008) hypothesized that microphysical processes doming transition season between the end of the dry season and
inate at lower AODs, increasing CF and cloud top height,the beginning of the wet season, has a discernable impact
whereas radiative processes dominate at higher AODs, desn aerosol-cloud relationships. Previous studies have noted

Atmos. Chem. Phys., 11, 3023836 2011 www.atmos-chem-phys.net/11/3021/2011/



J. E. Ten Hoeve et al.: Biomass burning aerosol effects on clouds 3023

that aerosol loading and CWV are weakly spatially corre-2 Data and methods
lated over the Amazon Basin on seasonal timescales (Fein-
gold et al., 2001). On smaller spatial and temporal scalesMODIS, onboard the Terra and Aqua satellites, provides rel-
latitudinal variation of both CWV and AOD will produce atively high spatial resolution (250-m-500-m) while achiev-
high correlations in some areas (Kaufman and Fraser, 1997)ng near global coverage on a daily basis (Salomonson et al.,
Regions where simultaneous advection of these two param1989). The daytime Aqua overpass (13:30 LT) is chosen over
eters takes place also exhibit high correlations (Remer et althe Terra overpass (10:30 LT) since clouds are more likely to
1998). Variability in CWV, which can be observed daily and be developed in the afternoon than the morning. This study
at moderately high spatial resolution using the MODIS sen-employs MODIS swath Level 2 aerosol, cloud, water vapor,
sor, may be also used as a tracer for large-scale meteorolognd temperature products (King et al., 2003).
ical variability. Attempts to remove the influence of meteo-  Aerosol optical depth is calculated over land and ocean at
rology from aerosol-cloud correlations are common (Korena wavelength of 550 nm and is provided at 10-kri0-km
et al., 2005; Lin et al., 2006; Yu et al., 2007). Here, we useresolution (Remer et al., 2005; Levy et al., 2010). Valida-
CWV, which is also shown to correlate with MODIS cloud tion with ground-based AERONET observations yields an
parameters, to stratify the cloud data to ensure similar backeverall error of+0.05+ 0.15r, over land, wherer, is the
ground moisture conditions exist along the range of AOD re-aerosol optical depth at 550 nm (Levy et al., 2010). Level
trievals used. 2 cloud fraction and cloud top pressure are produced at 5-
The latter portion of the paper tests the assumption thakm x 5-km resolution, whereas cloud optical depth is pro-
CWV is not influenced by aerosol loading, which is as- duced at 1-knmx 1-km resolution (Platnick et al., 2003). The
sumed in the former portion of the paper, by analyzing ef-5-km cloud fraction product is computed using the frac-
fects of aerosols on CWV and clouds over different land sur-tion of 1-km cloudy pixels in the 5-km footprint, as deter-
face types. Many studies have probed the local effects omined by the cloud mask product (Platnick et al., 2003).
deforestation on local and regional meteorology; howeverCloud optical depth is inversely calculated from spectral re-
no observational studies have analyzed the aerosol effedtectance measurements and surface albedo data by using
on clouds over both forested and deforested land. Studieg lookup table (Nakajima and King, 1990; Platnick et al.,
have examined the regional climate effects of deforestatior2003). For over-land retrievals, cloud optical depth is calcu-
through changes in surface energy and water vapor fluxes arldted at wavelengths 0.645 pm and 2.130 um. A drawback of
land-atmosphere interactions (Henderson-Sellers and Gothe MODIS sensor is that it cannot discern the vertical lo-
nitz, 1984; Nobre et al., 1991; Cutrim et al., 1995; Wang cation of aerosols or the physical thickness of clouds. As
et al., 2000, 2009; Roy and Avissar, 2002; Negri et al.,a result, additional sensors (e.g. the CALIPSO lidar) are re-
2004). Regional-scale deforestation has been shown to resuffuired to study the vertical distribution of clouds and aerosols
in mesoscale circulations that arise from land surface heterofWinker et al., 2003).
geneities (Segal et al., 1988; Wang et al., 2000, 2009; Roy Column water vapor (precipitable water vapor) from the
et al., 2002). Enhanced shallow convection over deforestedMODO7 profile product is provided at 5-km5-km resolu-
regions is caused in part by an inland breeze from nearbyion in units of centimeters of equivalent liquid water (See-
moisture-rich forests. When this moist inland breeze reachesnann et al., 2003). We choose not to use the near-IR column
unstable air over the deforested region (due to greater sumater vapor product due to its limitations over dark surfaces
face heating), it rises to form clouds (Segal et al., 1988; Roy(Gao and Kaufman, 2003). Temperature profile observations
et al., 2002). Several observational studies have shown aare also employed from the MODO7 product to estimate low-
increase in shallow convection over disturbed regions of thdevel stability (Seemann et al., 2003). Since surface pres-
Amazon due to this direct thermal circulation, particularly in sure is often below 1000 hPa, the temperature at 1000 hPa is
the state of Ronihia, Brazil (Cutrim et al., 1995; Durieux et calculated using the skin temperature, surface pressure, and
al., 2003; Negri et al., 2004; Wang et al., 2009). Our studyPoisson’s equation for potential temperature. Skin tempera-
differs from previous studies in that the aerosol effect on wa-ture is not the best approximation for surface air temperature;
ter vapor and clouds over forested and deforested land is exaowever, for the purposes of finding relative differences in at-
amined — a logical extension of the studies noted above. Thisnospheric stability across our study domain, we believe this
study investigates two primary questions: (1) how can physds our best option considering that a high-resolution observa-
ical aerosol-cloud relationships be extracted from the seational surface temperature data set is currently not available
sonal progression of CWV, CF, and AOD and (2) how canfrom any other source.
further differences in these aerosol-cloud relationships be ex- Data from the cloud, water vapor, and temperature prod-
tracted between forested and deforested land cover types? ucts, which are provided at resolutions between 1-km and 5-
km, are averaged to a resolution of 10-knmi0-km in order
to conform to the Level 2 aerosol data. We create an ag-
gregated product with multiple satellite parameters at a scale
which is considerably finer than thé & 1° Level 3 product.
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Products requiring a clear sky, such as the atmospheric pro- &°s
file products, are able to be estimated for a significant number
of 10-km pixels with cloud fractions less than one.
In the first portion of the paper, aerosol and cloud data over
all non-water surfaces are included in the analyses. In the g°s
latter portion of the paper, MODIS aerosol, cloud, stability,
and water vapor data are stratified by land cover type. This
requires an up-to-date, high-resolution land cover classifica-
tion data set. The Land Processes Distributed Active Archive 1g°s =1
Center (LP DAAC), located at the US Geological Survey .
(USGS) Earth Resources Observation and Science (EROS
Center, provides a combined Terra/Aqua yearly land cover e
product — MCD12Q1Http://Ipdaac.usgs.gdv This product 12%g =
employs decision tree classification algorithms and training .
data to assign land cover classifications (Friedl et al., 2010). 4
The data are resampled from 500-n500-m resolution to iy W L -
0.1° x 0.T° resolution to approximately match the resolution ;g IlI - # i
of the Level 2 swath aerosol data. = . f e
Our 5 x 5° study region encompasses the deforested re- Bz . . -Q e
gion of Ji Paraé in Rondnia, Brazil, as well as a protected " W 62w 0w HW
forest to the east, illustrated in Fig. 1. Broad-leaf forest _ L
classifications are assigned to the forested category, wheregég' 1. Land cover classifications for the year 2004. Dark green

closed shrublands. open shrublands. woody savannas. sav ixels represent evergreen forests and light green pixels represent
' Op ’ y ’ forested land (pasture). Blue pixels represent land classifications

nas, graSSIands' croplands, cropland and naturf”‘! Ve_getatiQHat are not included in either of these two categories. The 5°
mosaic, and barren or sparsely vegetated classifications akgdy region is outlined with a red box. On average between 2004
assigned to the deforested (pasture) category, according tghd 2007, roughly 73% of our study region is classified as forested
the International Geosphere-Biosphere Programme categ@and and 25% of our study region is classified as deforested land.
rization scheme (Friedl et al., 2010). The percentage of de-
forested land increases from year to year in our fixed study
region due to ongoing forest conversion activities. the dominant weather pattern over the region (Kalnay et al.,
A small region is chosen for this study, compared with 1996). The anti-cyclonic high pressure circulation is found to
other studies of its type, so that meteorological differencesbe most discernable at 700 hPa in the NCEP/NCAR Reanal-
due to spatial variation will be better removed, and so thatysis data, however, lower level (e.g. 850, 925 hPa) wind vec-
stratification of atmospheric data by land cover type can beors may also be used since high pressure extends throughout
conducted. The high spatial resolution of the Level 2 data althe troposphere. By removing these anomalous days, cloud
lows for the accumulation of a sufficient data record for anal-fields are more likely to be similar among all days analyzed,
ysis, while also reducing the pixel size in which aerosol andeven though the structure and morphology of these clouds are
cloud characteristics need to be assumed constant. The stug@jready similar throughout this season (Koren et al., 2004).
encompasses the Amazonian biomass burning months of AVe removed a total of 43 days during our study period, equal-
gust, September and October for the years 2004 througing 12% of the total number of days in August through Oc-
2007. This time period includes both dry and wet years, agober between 2004 and 2007. We restrict the number of
well as years with both heavy and light biomass burning, accloud types analyzed by choosing to study only warm clouds.
cording to NCEP/NCAR Reanalysis data and MODIS dataWarm clouds are segregated from cold and unknown-phase
(Kalnay et al., 1996; Koren et al., 2007). The aerosol effectclouds by only retaining 10-km pixels that contai#95% of
on cloud properties over the Amazon has been shown to dif1-km cloud retrievals in the liquid water phase. We have re-
fer in a humid year compared to a dry year (Yu et al., 2007).tained a total of 368 288 warm cloud and clear sky retrievals
The inclusion of multiple years reduces the interannual vari-over our domain and study period. The re-sampled 10-km
ability present in the data, and also allows for the compilationatmospheric aerosol, cloud, and profile data are then segre-
of a large enough data set for analysis in our small study regated by forested and deforested land cover types in the latter
gion. portion of the paper to explore the effect of land-atmosphere-
Retrievals that are not considered “useful” or are consid-aerosol interactions on column water vapor and clouds.
ered “bad” quality according to the Level 2 quality assurance Aerosol optical depth and column water vapor MODIS
bit data are removed. To account further for meteorologi-satellite retrievals are compared with Aerosol Robotic Net-
cal variability, NCEP/NCAR Reanalysis 700 hPa wind vec- work (AERONET) automatic sun/sky radiometer measure-
tors are used to remove days for which high pressure was nanents in Fig. 2 (Holben et al., 1998). Data represent two

Atmos. Chem. Phys., 11, 3023836 2011 www.atmos-chem-phys.net/11/3021/2011/


http://lpdaac.usgs.gov

J. E. Ten Hoeve et al.: Biomass burning aerosol effects on clouds 3025

stations within the $x 5° study region, Abracos Hill, ac- a)
tive in 2004 and 2005, and Ji PagaiSE, active in 2006 2
and 2007. Only days that fall within our study period
are included. Correlation coefficients between MODIS re-
trievals and AERONET measurements are above 0.90 for
both aerosol optical depth and column water vapor, providing
confidence in the MODIS satellite retrievals.
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3.1 Effect of water vapor variability on aerosol-cloud
interactions
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Column water vapor (CWV) increases over our study re- 0 02 02 06 08 1 12 12 1s 18 2
gion throughout the dry-to-wet transition season between the Aerosol Optical Depth AERONET 500 nm (-)
months of August to October. Figure 3a shows MODIS

CWV and warm cloud fraction (CF) averaged into eight

equally-spaced bins between 1 August and 31 October, for b)

all years between 2004 and 2007. CF and CWV are un-
derstandably highly positively correlated, as water vapor is
one of the principal components required for cloud forma-
tion. Figure 3b shows MODIS aerosol optical depth (AOD)
at 550 nm, also binned by day of the season. Unlike CWV,
AOD increases from 1 August until approximately the mid-
dle of September, at which point the relationship reverses and
decreases until the end of the season on 31 October. This
mid-season peak in aerosol loading is indicative of a biomass
burning peak that is largely determined by social behavior
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(Crutzen and Andreae, 1990). Burning usually occurs late 2 o N =63

enough into the season to sufficiently allow vegetation to dry e e R=0.90

out, but not too late to risk an early onset of the rainy season. ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
In Fig. 3a, b, only retrievals with AODs less than or equal 15 2 25 8 85 4 45 5

. . X . i X Column Water Vapor AERONET (cm)
to 0.8 are included in the time series. Time series of CWYV,

CF, and AOD utilizing the entire range of AODs behaves g 5 (a)comparison of co-located MODIS aerosol optical depth
similarly to the time series in Fig. 3a, b. AODs are restricted retrievals with Aerosol Robotic Network (AERONET) measure-
to below 0.8 for the remainder of the analysis to preventments at Abracos Hill (62.358V, 10.760 S) and Ji Paran SE
aerosol misclassification as cloud (Brennan et al., 2005). In61.852 W, 10.934 S) for days used in the study during the months
this range, significant cloud contamination of aerosol is alsoof August through October, for the years 2004 through 2007. These
unlikely, yet occasional contamination may still occur (Kauf- two sites are located within our’5<5° study region. (b) Com-
man et al., 2005b). Koren et al. (2010) found that MODIS parison of co-located Level 2 MODIS column water vapor re-
aerosol-cloud relationships over the tropical Atlantic were trievals with AERONET measurements for the same time period

. . . . : : i . The number of pointsX) in each plot and correla-
likely affiliated with physical mechanisms and not retrieval 25 N (@):

. . . . . tion coefficients R) between MODIS and AERONET data are also
artifacts, suggesting that the relationships found in our StUdyncluded. For each point, MODIS retrievals centered within 15-

. . ; I
may also be physically-based. Itis also improbable that thes‘?(m of the AERONET station are averaged and compared with 1-

correlations are due to a 3-D cloud effect, which artificially |, temporally-averaged AERONET dat&30 min from the mean
increases AOD retrievals in the regions neighboring cloudsyiopis retrieval time).

(Wen et al., 2006). This effect has been suggested to be

larger for greater cloud cover and aerosol loading, but our re-

sults indicate that the strongest positive correlation between Lo )

CF and AOD occurs at lower values of AOD and cloud cover igure 3indicates that CWV and CF are directly correlated

(see discussion of Fig. 4 below) (Wen et al., 2006; Yu et a|_,Wlth AOD dunpg the first half of the season, whereas these

2007). variables are inversely correlated during the second half of
the season. Thus, if we plot CWV and CF directly against
AOD, separated into the two halves of the season, we would
expect the signs of the regression slopes to be the same for
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a) standard errors of the bin averagéN'/?) are also included.
8 [ Column Water Vapor In the first half season, 1 August to 15 September, there is
= + = Cloud Fraction 108 a positive correlation between both CWV and AOD, as well
T as between CF and AOD, as expected from Fig. 3. However,
5 in the second half season, 15 September to 31 October, CWV
‘g is negatively correlated with AOD as expected, but CF is not.
104 This deviation of the CF relationship to AOD in a direct cor-
103 g relation overrides the controlling effect of the seasonal CWV
102 evolution on cloud formation and strongly points to aerosol
101 as a modifying element of cloud properties. We conclude that
g = A—UE‘;IS Sepl Sep1s  Octl Oct1s  oatdi both large-scale meteorological factors traced by seasonally-
Date varying CWV and aerosol loading may contribute to changes
in warm CF in our region of interest.
b) This conclusion has important implications for analyzing
aerosol-cloud interactions. Following previous studies, com-
mon practice would be to accumulate all pixels with both
aerosol and cloud retrievals during the biomass burning sea-
son, and then bin the cloud retrievals by AOD, implicitly as-
suming constant meteorological conditions throughout this
period (Koren et al., 2004, 2008). However, this study finds
that embedded in these correlations are systematic variations
in CWV with AOD. As a result, this CWV signal may impact
aerosol-cloud correlations. For example, the “boomerang”
% g1 Augi5 Sepl Sepls Octl Oct15 Oct3l shape identified by Koren et al. (2008) and attributed to
Date the combination of microphysical and radiative effects by

: N aerosols on clouds may also contain an element of within-
Fig. 3. (&) Column water vapor and warm cloud fraction binned by . - o .
day of the year for the months of August through October, for the S€asON gvolutlon of the meteorol(_)glcal conditions. In Fig. 4a
years 2004 through 2007. Data are accumulated into eight bins ofve |Qent|fy a boomerang shgpelln the CWY vs. AOD plot
equal width between 1 August and 31 Octolgb). Aerosol optical  thatis due solely to the combination of the different halves of
depth at 550 nm binned by day of the year for the same time periodhe season, and not a physical consequence of the aerosol at
as in(a). For(a) and(b), only retrievals with AODs equal to or  all. The similar boomerang shape in CF over the full biomass
below 0.8 are included in the time series. Error bars are includedseason seen in Fig. 4b reflects both the actual relationship
but are too narrow to be visible. The number of retrievals includedbetween CF and AOD in the latter half season and also the
in each bin is provided in Supplement S.1. artifact created by combining the two half seasons.
Figure 4c, d show CWV and CF again binned by AOD,
but only for cloud fractions less than 0.5. By retaining only
CWV and CF in each half season assuming CWV has a contow cloud fractions, more of the aerosol layer is exposed to
trolling influence on CF. If CWV increases with aerosol in sunlight in each 10-knx 10-km retrieval box. Even though
the first half season, then so should CF. If CWV and AOD |ower cloud fractions may lead to increased solar radiation at
are negatively correlated in the second half season, then Cthe surface, and thus more evapotranspiration which could
should also be negatively correlated with AOD. increase CWV, Fig. 4c shows little difference in both the
Figure 4a shows CWV binned by AOD for all non-zero shape of the graph and the magnitude of the change of CWV
CF retrievals in our study region for the same time period aswith AOD when compared with Fig. 4a. This suggests that
in Fig. 3. The data are stratified by day of the season, withthe lower CF does not have an appreciable effect on the re-
plots representing each half of the season and all days in thiationship between CWV and AOD. Yet, we do find that
season. Figure 4b depicts warm CF binned by AOD, for thethe increased solar radiation affects the relationship between
same periods as in Fig. 4a. In these figures, cloud propertieaerosol loading and cloud fraction, consistent with Koren
and CWV are binned by AOD, with each bin representing et al. (2008). It has been hypothesized that the increased
12.5 percentile of the AOD values. This method has beeraerosol exposure to sunlight will result in a stronger aerosol
used previously in other studies so that bias is not introducedbsorption effect on clouds and that the decrease of CF with
through inconsistent sampling in each bin (Lin et al., 2006). AOD will begin at lower values of aerosol loading (Koren
The absolute low and high AOD boundaries are assigned tet al., 2008). The less cloudy plot of Fig. 4d has shifted
be 0.05 and 0.8, however, the location of individual bin edgesthe turning point between increasing and decreasing CF to
vary for each plot. The bin centers are defined as the averlower aerosol loading. Figure 4d locates the turning point at
age AOD value in each bin and error bars representing thédOD = 0.30-0.40, as opposed to the total data set of Fig. 4b
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Fig. 4. (a) Column water vapor binned by aerosol optical depth for all co-located warm cloud retrievals for the months of August through
October, for the years 2004 through 2007. Error bars denote the standard error in edgh@lioud fraction binned by aerosol optical depth

for all warm cloud retrievals for the same time period a¢aj (c) Column water vapor binned by aerosol optical depth for all co-located
warm cloud retrievals with cloud fractions less than @dj.Cloud fraction binned by aerosol optical depth for all warm cloud retrievals with
cloud fractions less than 0.5. The number of retrievals included each bin is noted in the legend.

where the turning point is at AOB 0.55. The boomerang

tistical significance.

a very small (8 x 5°) region in Ronénia, compared to pre-

and aerosol properties that still exists but in diluted magni-likely to have only a minimal effect on cloud properties.

We can identify the transition between meteorological sea-
relationships in Fig. 4a, d exist well outside the standard ersons by using CWV as a tracer for the slow onset of the rainy
rors of the individual bins, a result which supports their sta-season and stratify the data set using this parameter to control
for meteorology. Figure 5a depicts CWV binned by AOD

Figures 3 and 4 both confirm the associations betweerior all CF retrievals, and for five groupings of CWV. Each
clouds and aerosols identified from satellite retrievals ob-grouping spans 16 percentile points, with a minimum per-
served in previous studies and also sound a warning thagentile of 10% and a maximum percentile of 90% to avoid
some of these associations contain an artifact introduce@xtreme values. These bounding low and high percentiles re-
from slowly evolving meteorological factors that can be fer to CWV values of 2.10cm and 5.33 cm, respectively. In
traced by CWV. We note a difference between this study andyeneral, lower percentiles represent retrievals earlier in the
the previous studies mentioned above. We are focusing of€ason whereas higher percentiles represent retrievals later
in the season. The number of retrievals per bin increases
vious studies, which took a broader view that included theWith CWV due to decreasing prevalence of cloud-free pix-
entire Amazon Basin with its varied surface types, biomesels between the beginning and end of the biomass burning
and climatic zones. The relationships shown in Fig. 3 are aps€ason. Figure 5a illustrates that while the range of CWV
plicable for larger areas as well, but the range between lowepresented by each grouping is 0.65cm on average, CWV
and high CWV and low and high AOD over the season be-0nly varies marginally between AOD bins, with a maximum
comes diluted as the study area is expanded. Our study aréhifference of 0.10cm between any two bins in any group-
captures the strong seasonal variation in water vapor, cloudnd- This nominal variation in CWV within each grouping is

tudes when our region is combined with surrounding areas.
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Fig. 5. (a) Column water vapor an¢b) cloud fraction binned by ~ Fig. 6. (a) Liquid cloud optical depth binned by aerosol optical
aerosol optical depth for all co-located warm cloud retrievals, strat-depth for all warm cloud retrievals, stratified by different percentile
ified by different percentile groupings of column water vapor. Data groupings of column water vapor. Data represent the months of Au-
represent the months of August through October, for the years 2004ust through October, for the years 2004 through 2@B)'Same as

through 2007. The number of retrievals included each bin is noted@) but only for retrievals with cloud top pressures between 800 hPa
in the legend. and 850 hPa. The number of retrievals included each bin is noted in

the legend.

Figure 5b depicts CF binned by AOD for the five CWV
groupings. The change in CF with AOD in Fig. 5b is more be largely dependent on CWV, which agrees with previous
representative of the true aerosol effect on CF compared tétudies (Feingold et al., 2001).
Fig. 4 since the influence of varying CWV has been mini- The highest CWV grouping appears to demonstrate the
mized. CF increases with CWV, as indicated in Fig. 3a. Forgreatest microphysical effect: CF increases at the greatest
each CWV grouping, CF either increases with AOD, on aver-rate below an AOD of 0.35 compared to other groupings. In
age, across the AOD range between 0.05 and 0.8, or remairfigh water vapor loading environments, addition of aerosol at
relatively constant along this range. The 42nd to 58th perdow AODs may increase CF to a greater extent than in lower
centile grouping and the 58th to 74th percentile groupingswater vapor loading environments, as also suggested in Yu et
do not exhibit an increase to the extent of the other group-al. (2007). This result also agrees with the aerosol absorp-
ings. It is probable that increasing CF with AOD is absent intion cloud fraction feedback — the greater the initial CF, the
these middle CWV groupings due to the lack of low AODs greater the microphysical effect (Koren et al., 2008).
during the mid-season peak of the biomass burning season. The flattening of these curves at higher AODs suggests
In this figure, the aerosol effect on CF does not appear ta saturation of the microphysical effect. The absence of
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a strong aerosol absorption effect in Fig. 5b conflicts with physical processes and satellite retrieval artifacts. Physically,
some studies (Koren et al., 2004, 2008), but agrees with othaerosol absorption of solar radiation can evaporate or thin
ers depending on the year analyzed (Lin et al., 2006; Yu etlouds optically. However, satellite retrieval artifacts can also
al., 2007). Part of the discrepancy may be due to the gradiplay a role. Carbonaceous aerosols within or above clouds
ent of aerosol absorption properties north to south. The focugkaufman and Nakajima, 1993), or subpixel holes in the
area of this study is embedded in the deforestation zone, witltlouds that reveal a dark surface beneath reduces the visible
smoke having higher single scattering albedo (less absorpreflectance received by the satellite, and this is interpreted
tion) than the smoke in the Cerrado to the south (Dubovikby the retrieval as a lower COD. In fact, a physical-artificial
et al., 2002). A less absorbing smoke will have less radiafeedback can be started in which the aerosol begins to thin
tive effect than the model formulated by Koren et al. (2008).the cloud via radiative processes, revealing more holes that
Yet, our results indicate that variation in water vapor load- introduce darker visible reflectance to the satellite measure-
ing may have inadvertently affected previous analyses ofments. The microphysical effect dominates at lower AODs
aerosol-cloud interactions over the Amazon. whereas the physical and artificial effects that decrease COD
Aerosol microphysical and radiative effects may also bewith aerosol loading are radiative in nature and will dominate
observed in the cloud optical depth (COD) in addition to the at higher AODs. Considering that all of the aforementioned
cloud fraction. Figure 6a shows COD binned by AOD for explanations for COD decrease are dependent on aerosol ra-
the four highest CWV groupings in Fig. 5. According to the diative absorption, the strength of the COD decrease should
aerosol first indirect effect, increases in aerosol number loadbe inversely proportional to CF, because lower CF allows the
ing increase the number concentration of cloud condensatioaerosol greater exposure to sunlight. When the aerosol is ex-
nuclei, which in turn increase cloud reflectivity (Twomey, posed to sunlight, more aerosol translates to even higher rates
1977). This effect would be observed as an increase in COf absorption and heating. The highest magnitude COD de-
with increasing AOD in Fig. 6a. However, Fig. 6a illus- crease occurs for the lowest CWV grouping with the lowest
trates that for all four CWV groupings, COD increases only CF, and the lowest magnitude COD decrease occurs for the
to a certain AOD threshold between 0.2 and 0.35, and therighest CWV grouping with the highest CF. This pattern is
decreases with increasing AOD. Note that Fig. 6a includesconsistent with the hypothesis that the COD decrease is a ra-
clouds at all stages of vertical development, as long as theliative effect of the aerosols, whether the effect is physical or
clouds are in the liquid phase. While CF in Fig. 5 is high- artificial or a combination of both. It appears unlikely that ab-
est for the highest CWV grouping and lowest for the lowest sorption by water vapor plays a substantial role in Fig. 6 since
CWV grouping, COD behaves oppositely as clouds on averthe largest decrease (largest absorption effect) occurs for the
age become thinner but cover a larger spatial area at highdowest CWV grouping and the smallest decrease (smallest
CWVs later in the biomass burning season. absorption effect) occurs for the highest CWV grouping.
Figure 6b also shows COD binned by AOD, but only for ~ Sorting out the exact cause of the COD decrease with in-
pixels with average cloud top pressures between 800 hPa antteasing AOD is difficult. The absence of a strong absorption
850 hPa. This range is roughly between the median and meaeffect in the CF plots would suggest that darkening plays
liquid water cloud top pressures over the 2004 to 2007 pe-a role in the COD plots. Wilcox et al. (2009) found that
riod. Figure 6b shows a similar boomerang pattern of CODbiomass burning aerosols over a stratocumulus deck will ar-
versus AOD as Fig. 6a, except with more variation due to atificially reduce cloud optical depths retrieved by the MODIS
significantly smaller sampling size. Only a narrow range of sensor. The darkening bias was found to be greater for higher
cloud top pressures are retained to ensure that the COD veAODs, as expected, and also for higher values of COD. Both
sus AOD relationships observed in Fig. 6a are not merely theof these relationships are observed in Fig. 6a. Unlike the
result of sampling clouds at different stages of growth. TheWilcox et al. (2009) study, the data in Fig. 6 do not consist
AOD turning point of the boomerang in Fig. 6b occurs at gen-only of scenarios with aerosols above clouds. Analysis of
erally higher AODs than in Fig. 6a, specifically for the lower an individual day using both MODIS and the CALIPSO li-
two CWV groupings. In addition, the magnitude of the de- dar, the latter of which has an overpass time roughly 1 min
crease in COD with increasing AOD in terms of percentageafter the Aqua satellite and can detect the vertical distribu-
reduction from the peak is more similar among CWV group- tion of clouds and aerosols, results in a similar boomerang
ings than in Fig. 6a. This similar COD reduction with AOD relationship between COD and AOD even when the cloud
among CWYV groupings may be because all clouds have simlayer forms at or above the top of the aerosol layer. Fig-
ilar cloud top pressures and are situated in more homogenousre 7 shows the results of just one day, 12 August 2006,
cloud fields. where clouds form above the aerosol layer and COD ex-
The increase in COD with AOD for low aerosol load- hibits a boomerang shape with AOD. Figure 7a shows the
ing may be explained by Twomey (1977) and follows from CALIPSO vertical feature classification excluding data be-
aerosol particles affecting the microphysics of the clouds.low a medium confidence level, and Fig. 7b shows COD
The decrease in COD with increasing AOD above AODs binned by AOD from the MODIS Aqua sensor on this same
of ~0.3 in Fig. 6a can be explained by a combination of day. A third degree polynomial function that best fits the data
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is also plotted, illustrating that COD increases with increas-
ing AOD initially, but then decreases with increasing AOD at
higher values of AOD, similar to Fig. 6a.

Kaufman and Nakajima (1993) also hypothesized that
biomass burning aerosol darkens Amazonian clouds due tc
the presence of black carbon inside clouds. This study found
that cloud reflectance at 640 nm is reduced from 0.71 to 0.68
for an increase in aerosol optical depth between 0.1 and 2.0
This small decrease in visible reflectance is likely not the
sole cause of decreases in COD between 20% and 50%, oh
served in Fig. 6a. Because of the modest role expected by
the darkening of the clouds and the absence of a strong ab
sorption effect in the CF plots, the physical-artificial feed- 60.6.-125)(61.0-11.5) 612.105) (615.95) (617.85)
back involving thinning clouds and increasing inclusion of Location (Lon,Lat)
dark reflectance from the surface beneath is the most promis:
ing explanation. Yet, modeling studies have found that black
carbon absorption in clouds results in a non-negligible feed- . & ‘ ‘ ‘ . ‘ ‘
back to surface and mid-tropospheric temperatures globally = 3rd Degree Polynomial
(Jacobson, 2006). This in-cloud absorption may constitute ;|
up to 10% or more of the total temperature feedback from
black carbon. As a result, aerosol absorption in clouds may
have a large effect on the radiative balance of the atmosphert
in the Amazon region.
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Biomass burning in the Amazon influences clouds in two 207

ways — through smoke effects and through land use changes

Smoke particles can change cloud microphysics and heat the 5, o1 02 03 04 05 o6 o7 os

atmospheric cloud environment by absorbing sunlight, as de- Aerosol Optical Depth ()

scribed above. Land use changes that convert forest to pas- . .

ture and cropland modify net radiation at the surface throughfig. 7. (&) Vertical Feature Mask from the CALIPSO lidar on a

albedo changes and by altering surface heat and water vap@ath through the study region for a single day during the study pe-

fluxes. These changes can in turn affect cloud developmenf/©d: 12 August 2006. On this day, clouds mostly form near the
top of the aerosol layer. Clouds that extend throughout the column

By dividing our data set into forested and deforested (pas_could be misclassified heavy aerosol plumes, however, we use only

ture) subsets, we can begin to understand the relatlv{.e Eﬂecr@edium to high quality data to minimize misclassificati¢i). Liq-
of aerPSO'S and land use changes or? cloud properties, a d cloud optical depth binned by aerosol optical depth on the same
especially how land use changes modify aerosol effects.  yay as in(a), throughout the 5x 5° study region for cloud top
To ensure that cloud/aerosol/atmospheric properties cafressures between the 5th and 50th percentiles (784 mb—845 mb).
be separated between forest and pasture, we use NCEPhe 5th percentile refers to the height of the highest 5% of warm
NCAR Reanalysis data at 700mb to estimate advection otlouds and the 50th percentile is the median height of warm clouds.
clouds/aerosols/atmospheric properties on the diurnal scalkow clouds likely embedded within the aerosol layer are removed
(~6h). We find a spatially- and temporally-averaged wind (>5(_)th percentile) in addition to high <_:Iouds w_hich may be_ above
speed over our study region and study period of 6.50lms the |nflueqce of aerqsols<5th pe_rcentlle), leaving 167 r'etrlevals
with a standard deviation of 0.56 mk over the years be- for anaIy_S|s 21 retru_evals per b|r_1). A least squares third-degree
tween 2004 and 2007. Thus, on average, Clouds/aerosoféOIynom'al that best fits the pre-binned data is also plotted.
will advect ~140+ 12km assuming a diurnal time scale.
Since the forested and pasture regions employed in the study
are hundreds of kilometers in length and width, it is likely products for both forest and pasture. Frequency distributions
that clouds/aerosols will remain over the same land sur-as well as a measure of statistical significance for each pa-
face over this time frame. On even shorter time intervals,rameter in Table 1 can be found in Supplement S.2. Ta-
such as the time scale of shallow cumulus cloud3qmin), ble 1 shows that average warm cloud fraction is higher for
clouds/aerosols will rarely move between land surface typesthe pasture compared to the forest, which agrees with previ-
Table 1 shows average values of cloud, aerosol, and atmosus studies (Cutrim et al., 1995; Negri et al., 2004; Wang et
spheric profile parameters retrieved from the Level 2 MODISal., 2009). In addition, a greater average cloud top pressure
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is observed for the pasture, which suggests more ShalloV‘f‘able 1. Average warm cloud, aerosol, and atmospheric profile
cloud development over the pasture compared to the forestiatistics for both forested and deforested land in our study region.

(Wang et al., 2000, 2009; Durieux et al., 2003; Chagnon etrhe averaging period is for August through October for the years
al., 2004). CWV is also higher over the forest, presumably2004 through 2007.

due to the reduction in evapotranspiration over the pasture

compared to the forest (Nobre et al., 1991; Correia et al., Forested Deforested
2007). The shorter roughness length and lower specific heat :
of the pasture result in greater surface heating, as supported ~ ¢loud Fraction ¢) 0.52 0.63
by the higher 1000 hPa temperature over the pasture com- Cloud Optical Depth-£) 9.18 8.28
. . Cloud Top Pressure (hPa) 796.2 817.8

pared to the fores'g. Greater surfa_c_e heating also results in Cloud Effective Radius (um) 15.8 14.6
a lower atmospheric low-level stability over the pasture, de- Cloud Water Path (g m?) 828 69.4
fined as the temperature at 850 hPa minus Fhe temperature  -qjumn Water Vapor (cm) 3.76 354
at 1000 hPa (Polcher and Laval, 1994; Correia et al., 2007). 850 hPa Temperature (K) 292.6 293.0
Average AOD is similar between the two land cover types, a 1000 hPa Temperature (K) 307.2 311.4
finding which is anticipated since aerosol concentrations are Low-Level Stability —14.6 -184
often spatially homogeneous, particularly at some distance [Temperature 850 hPa minus
away from concentrated smoke plumes. Temperature 1000 hPa (K)]

Comparison of aerosol effects on CWV and clouds be- AQOD at 550 nm ¢-) 0.92 0.89

tween different land cover types requires careful considera-
tion of consistent sampling procedures. To perform this anal-
ysis, the same number of samples must be retrieved between
forest and pasture for a given day for each AOD bin to en-tude and diffuse fractionation of radiation reaching the sur-
sure that weighting of the data by time of the year is consis-face (Roderick et al., 2001; Jacobson, 2002; Yu et al., 2002;
tent between both |and cover typeS. The Samp“ng process |§n0h| and BaldOCChi, 2008) Because deforested Iand haS a
as follows: first, for each parameter and each AOD bin, theleaf area index several times lower than forested land in addi-
number of samples for each day is determined for forest andion to a significantly lower heat capacity, aerosols could af-
pasture. For the land cover type (forested or pasture) with thdect the evapotranspiration and evaporation from the ground
minimum number of Samp'eS, the same number of Samp'egiﬁerently between forest and paStUre. We test this aSSUmp'
is taken from the other land cover type. Because bin edgedon by analyzing aerosol-CWV relationships separately over
must be assigned beforehand using this procedurE, the nurﬁbe forested and deforested I’egions. Table 1 indicates that
ber of samples in each AOD bin is not consistent among altthe forest CWV is 0.22 cm higher on average than the pasture
bins. The eight bins for both forest and pasture are equallyduring our study period, which we assume is the result of dif-
spaced between 0.05 and 0.8. ferences in evapotranspiration. If we observe this difference
Several randomized mixed forest and pasture subsamplegorrelated with aerosol, then we may suspect that aerosol is
are also conducted to assess the significance of the segregaté@difying the CWV and our assumption of using CWV as a
land cover analysis. In each random subsample, the retrievaf§acer for the large-scale meteorology in the former portion
are randomly sampled between forest and pasture accordirf the paper may be incorrect.
to the relative proportion of forest and pasture retrievals in Figure 8b shows CWV binned by AOD over the pas-
the actual data. This method results in no systematic segraure minus CWV binned by AOD over the forest for re-
gation by land cover in each randomized subsample. Againfrievals with non-zero cloud fractions. Error bars represent
the data are processed such that the same number of sarie square root of the sum of the pasture and forest standard
ples is retained between forest and pasture for a given dagrrors squared. There is a lack of a significant increasing or
for each AOD bin. Figure 8a illustrates the difference in the decreasing relationship between CWYV differences and AOD.
average sampled day of the year between pasture and forebtstead, CWYV is slightly higher over the forest compared to
in each AOD bin for both the actual data and the randomizedhe deforested land for all AOD bins, an offset owed to the
subsamples. The difference is zero for all bins, indicatingdifference in evapotranspiration between pasture and forest.
that the sampling procedure by definition does not weightThe random subsamples show no such offset since forest and
the result by day of the year, thus there is no difference in thepasture retrievals are randomly mixed. Figure 8b illustrates
large-scale meteorology between the pasture and forest fahat the addition of aerosols below an AOD of 0.8 most likely
each AOD bin. does not influence evapotranspiration sufficiently to affect
One of the primary underlying assumptions in this study isCWYV differently between pasture and forest. The little vari-
that aerosols do not impact CWV through changes in evapoation that does exist between AOD bins is well within the
ration and transpiration, but instead that CWV is an indicatorstandard error. This observation is supported by modeling
of the synoptic-scale meteorology. Aerosols could, in theory,studies that suggest absorbing aerosol reduces sensible heat
affect evapotranspiration rates by changing both the magniflux more so than latent heat flux over land (Yu et al., 2002;
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Fig. 8. (a) Difference between the average sampled day of the year in each AOD bin for the pasture and foréa}, git¢snd(c), dotted

red lines represent the results of five random subsamples, where retrievals over forest and pasture are mixed. Data represent the montt
of August through October, for the years 2004 through 20®j.Differenced column water vapor binned by AOD between pasture and
forest land cover typeg(c) Differenced cloud fraction binned by AOD between pasture and forest land cover {gp)eSolid black line:

same agc), dashed red and dash-dotted blue lines: differenced cloud fraction binned by AOD stratified by low-level stability, defined as
the temperature at 850 hPa minus the temperature at 1000 hPa. The stratification values are different between pasture and forest for eac
stratification case. The number of retrievals included in each bin is provided in Supplement S.3.

Matsui et al., 2008). More generally, the addition of aerosoldo not show higher average cloud fractions over the pasture
below an AOD of 0.8 does not have a noticeable impact oncompared to the forest, nor do they show a stronger micro-
CWV. Thus, changes in CWV may be attributed largely to physical aerosol forcing over the pasture, strengthening the
changes in synoptic-scale conditions and seasonal cycles. significance of these results. What causes this noticeable dis-
Figure 8c shows CF binned by AOD over the pasture mi-Similarity in the aerosol effect between pasture and forest at
nus CF binned by AOD over the forest. Absolute values AODs below 0.4? Because differences in CWV are likely not
of aerosol-cloud correlations over pasture and forest are no? driving factor due to the results of Fig. 8b, it is suggested
computed as they will be influenced by variations in CWV, that dlfferences_ln _Iovy—le_vel atmospheric stability may be at
similar to Fig. 4. However, because the same number of rethe root of the dissimilarity.
trievals is retained over the pasture and forest for each day Figure 8d again shows the difference in CF binned by
in each AOD bin, computing CF differences between pastureAOD between the pasture and forest similar to Fig. 8c, but
and forest in each AOD bin will remove influences of the also shows the CF difference stratified by low-level stability
larger-scale meteorology. The CF difference between paseerived from MODIS temperature products. The first case
ture and forest is always positive in Fig. 8c, indicating that (dashed red line) includes all retrievals where the low-level
CF is greater over the pasture than the forest, as also showstability is less than-16 K over the pasture and greater than
in Table 1. The figure also illustrates that there are increas—16 K over the forest and the second case (dash-dotted blue
ingly more clouds over the pasture with increasing AOD, upline) includes all retrievals where the low-level stability is
to an AOD of~0.4. After this AOD threshold, the plot flat- greater than-16 K over the pasture and less thah6 K over
tens and even reverses slightly. The five random subsampldse forest. A threshold stability value ef16 K is selected
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because it is very close to the median stability over botha large enough dataset for analysis, and to smooth out inter-
pasture and forest. In addition, a temperature difference ofinnual variability. MODIS observations illustrate that col-
16K or greater between 850 and 1000 hPa conservativelyimn water vapor (CWV) generally increased throughout the
corresponds to an absolutely unstable atmosphere, accordifjomass burning season, while aerosol optical depth (AOD)
to a tropical standard atmosphere. peaked during the middle of the season. These within-season
The dashed red line represents the difference in CF berelationships between CWV and AOD may produce false
tween pasture and forest only for retrievals where the pastureorrelations in cloud parameter versus AOD plots when all
is considered unstable and the forest is considered relativelgata throughout the biomass burning season are accumulated
more stable. In this scenario, the difference in CF betweerand analyzed together. By dividing the total period into sub-
pasture and forest responds similarly to increasing AOD ageriods, we found evidence that both large-scale meteorolog-
the plot that includes all stabilities (solid black line). This ical factors traced by CWV and aerosol loading contributed
similarity is expected since the pasture is often more unstato modification of the cloud fraction (CF) in our area of inter-
ble than the forest (Supplement S.2), which is likely due toest. To better account for this meteorological variability, data
the lower specific heat of the pasture compared to the forwere stratified by CWV. When background CWV variabil-
est. The dash-dotted blue line represents the reverse scéy was removed, CF either increased or remained constant
nario, retrievals where the forest is considered unstable andith AOD, depending on the CWV stratification. The largest
the pasture relatively more stable. We cannot determine withincrease in CF with AOD occurred at the highest value of
certainty what causes this scenario from observations aloneCWV.
however, it could be related to local effects such as the pres- Decrease of CF with AOD, attributed to aerosol absorp-
ence/thickness of clouds, inland breeze mesoscale circuldion effects, was not observed in the CF versus AOD plots
tions, or differences in surface reflectivity due to albedo dif- once the data were stratified by CWV. However, the decrease
ferences between forest and pasture. Because this scenariovigs observed in the data divided into seasonal subsets, and
considerably less likely, larger standard errors are observedassociations between CF and AOD were consistent with ex-
Unlike the first scenario (dashed red line) that shows increaspectations that follow from the aerosol-cloud fraction feed-
ingly higher cloud fractions with increasing AOD over the back hypothesized by Koren et al. (2008). At lower cloud
pasture compared to the forest, this reverse scenario (daslractions when the aerosol has greater exposure to sunlight,
dotted blue line) does not exhibit such a pattern. The abthe decrease of cloud fraction which we attributed to aerosol
sence of an increasing relationship between CF and AOD irabsorption effects increased in magnitude and was shifted to
this reverse scenario may be attributed to the higher stabilityower values of AOD.
over the pasture compared to the forest — the microphysical Relationships between cloud optical depth (COD) and
forcing of clouds may be weaker in atmospheres that lackaerosol loading are more difficult to interpret. Plots of COD
sufficient low-level instability. These results are consistentagainst AOD showed an initial increase of cloud optical
with findings in Yu et al. (2007). depth, and then a turning point where clouds appeared to
Low-level stability appears to be a factor or a tracer for become optically thinner as aerosol loading increased. In-
how aerosol modifies cloud fraction differently over forested creasing COD with aerosol may be attributed physically to
and deforested surfaces. The greater instability that genethe processes described by Twomey (1977), but the decrease
ally occurs over deforested land appears to encourage inef COD with AOD is best described by a combination of
creases in CF with AOD. The statistical approach used herg@hysical processes and satellite retrieval artifacts. Absorbing
is limited, and cannot characterize the full mesoscale circu-aerosol may cause cloud droplets to evaporate and clouds to
lations thought to be responsible for the general differenceghin. This is a legitimate physical process. On the other hand,
in CF between forested and deforested surfaces (Wang et aldark aerosol in and above the clouds may also decrease the
2009). A proper 3-D cloud resolving model with adequate cloud reflectance observed by the satellite, which the satel-
similations of surface fluxes and mesoscale circulations willlite retrieval interprets as a decrease in COD. As the clouds
be needed to explain the associations identified in Fig. 8d. thin, subpixel holes in the clouds open, allowing darker re-
flectance from the surface beneath to again darken the cloud
reflectance measured by the satellite. Again the cloud re-
flectance is artificially too low, resulting in COD retrievals
In this study, a 5 NSx5° WE region over Ron@nia, that are too low, which contributes to the strong decrease of
Brazil was analyzed using relatively high resolution aerosol,COD with AOD observed in the data analysis. Assuming
cloud, water vapor, and atmospheric temperature profilehat the relationship between decreasing COD and increas-
data from the Moderate Resolution Imaging Spectroradiomeing AOD is due to both radiative effects as well as retrieval
ter (MODIS). Four years of data (2004-2007) during the artifacts, our results suggest that global climate models that
biomass burning transition season (August—October) werelo not include treatment of aerosol absorption in and around
compiled to analyze the effect of aerosols on warm cloudclouds are inaccurate over regions with high concentrations
development. Several years of data were employed to gathesf absorbing aerosol.

4 Conclusions
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